Abstract: Soil properties and foliar chemistry of Douglas-fir stands were evaluated in four regions with historical cultivation of this introduced species in the Czech Republic. All the localities are on acidic sites with pH (KCl) ranging between 4 and 5, low in concentrations of base cations particularly at the soil depth between 10 and 40 cm and also low in phosphorus. Sufficient to increased content of nitrogen and, on the other hand, the deficiency of phosphorus, potassium and occasional deficiency of magnesium were found in foliage. Studied Douglas-fir stands are apparently proximate to the acidic limit of convenient site conditions, however, neither the foliage discoloration nor the growth suppression has been observed. Sensitive management to ensure the nutritional balance sustainability is proposed.
Douglas-fir (Pseudotsuga menziesii (Mirbel) Franco) is the most important non-native introduced forest tree species in Central Europe. Currently it covers 0.22% of forested area in the Czech Republic (Podrázský et al. 2013a) , while its potential extension is estimated up to 4% (Slodičák et al. 2014) . Douglas-fir is appreciated for its high production of valuable timber (Hermann, Lavender 1999; Chantre et al. 2002; Podrázský et al. 2013b ), high stability (Curt et al. 2001; Mauer, Palátová 2012) and also the positive impact on forest stand biodiversity in comparison with Norway spruce forest stands González-García et al. 2013a; Matějka et al. 2015) . Its mixture with broadleaved species is perceived as a reasonable substitute for drought-sensitive conifer monocultures endangered by climate change (Temperli et al. 2012; Podrázský et al. 2016) . Because of this potential, several comprehensive studies were devoted to the various aspects of Douglas-fir management (González-García et al. 2013b; Slodičák et al. 2014; Chakraborty et al. 2016) . There is a reasonable number of studies dedicated to the influence of Douglas-fir on soil properties (Turpault et al. 2007; Menšík et al. 2009; Podrázský, Kupka 2011; Šrámek, Fadrhonsová 2018) , fewer activities were focused on tree nutrition and nutrient stock in tree biomass (Ponette et al. 2001; Littke, Zabowski 2007) , however. The objectives of this study were: (i) to describe the nutritional status of Douglas-fir at four specific localities on the basis of the complex foliage analysis and (ii) to evaluate the role of soil chemistry in terms of nutrient supply, as these parameters can play an important role in the longterm sustainability of forest management. Table 1 .
MAteRiAl
sampling. Soil pits were dug to the depth of 80 cm at individual plots. In accordance with the ICP Forests' (Integrated Cooperative Programme for Forest monitoring in Europe) methodology (Cools, De Vos 2016) , samples of the upper organic layer (FH) and samples of mineral soil from constant depths of 0-10, 10-20, 20-40 and 40-80 cm were taken from the soil pit and four drilled profiles and pooled before analyses. One soil sample per stand and soil horizon was analysed.
Foliage sampling was done at the end of the vegetation season (from late August till the end of September) using 3-5 logged trees per plot. From each tree, branches were cut from four positions in the crown: (i) the top, (ii) the upper third of the crown, (iii) the middle crown and (iv) the lower third of the crown. Three samples of foliage were taken from each of these branches: current year needles, one-year old needles and older needles. Samples of specific needle ages and crown positions were combined for all sampling trees at individual plots. Three foliar samples were analysed for each crown position and needle age.
Chemical analyses. Chemical analyses of soil and foliar samples were carried out in the Forestry and Game Management Research Institute's analytical laboratory in accordance with the Manual of the ICP Forests programme (Cools, De Vos 2016; Rautio et al. 2016) . Prior to the analysis the soil samples were dried, sieved using a 2-mm sieve and homogenised. The following parameters were analysed: pH values [active pH (H 2 O) and exchangeable pH (KCl)] by the potentiometric method, exchangeable acidity by titration to pH 7.8; total content of C, N, S by elemental analysis, content of exchangeable cations in extract of barium chloride (Al, Ca, Fe, K, Mg, Mn, Na, Zn) and pseudototal content of elements in aqua regia extract (Al, Ca, Cu, Fe, K, Mg, Mn, Na, Zn), both extracts using the AAS method. The content of exchangeable P was analysed spectrometrically and total content of P and Pb by the ICP-OES method. Cation exchange capacity (CEC) was calculated on the basis of the exchangeable cation content and pH (KCl) values and the base saturation (BS) was calculated as the ratio of exchangeable base cation content and CEC (Šrámek, Fadrhonsová 2018) .
Individual needle samples were dried at 105°C and homogenised prior to the analysis; the following parameters were analysed: N and S content by elemental analysis, the content of Al, Ca, Fe, K, Mg, Mn, Zn, P by the ICP-OES method.
statistical analysis. The following layers were used for the evaluation of nutrient content in soil: the upper organic layer (FH); the upper mineral soil layer (0-40 cm) and the lower mineral soil layer (40-80 cm). Average values were calculated for individual elements for each needle age class and each locality from three stand age groups and two parts of the crown: the upper crown = the top + the upper third of the crown; the lower crown = the middle + the lower third of the crown.
Statistical analyses were carried out using the R statistical software (Version 3.5.1, 2017) . ANOVA with post-hoc tests was used to assess the differences in nutrient concentration in foliage between the groups based on Douglas-fir age, needle age, position in the crown and different Douglas-fir stands. Correlation analysis was used to evaluate the relation between the soil properties and the main foliage nutrients. Correlation coefficients of P ≤ 0.05 were taken as significant and visualised in a correlogram.
Results AND DisCussioN soil properties
Detailed information about the soil chemistry at individual plots can be found in Šrámek and ). The content of total nitrogen, on the other hand, was sufficient to good. The low base saturation (BS < 7%) which is proximate to the level at which the Douglas-fir growth can be reduced was found namely in Písek and Navarov. The deeper soil at a depth of 40 to 80 cm is mostly richer in base cations.
Foliage chemistry
The mean and nutrient concentrations in the foliage of Douglas-fir in individual regions are presented in Table 2 . Comparing these results with the nutrition criteria for Douglas-fir presented by Bergmann (1993) we can identify that the vast majority of samples is within the interval of optimal nutrition for nitrogen (1.1-1.7%). Higher values were recorded at the top of the crown in comparison with the middle and the lower third (Fig. 1) . Several samples of current year needles in Písek and Navarov are even above the upper limit, which corresponds with the higher N concentration in the upper mineral soil (M01) in these regions. As results from the comparison of foliage nutrition with soil properties (Fig. 2) in the lower part of the crown, N concentrations are significantly negatively correlated with pH (KCl) in mineral soil.
Phosphorus content in foliage, on the other hand, is problematic. Phosphorus is decreasing with the age of needles and rather unexpectedly significantly higher values were found in the lowest third of the crown, compared to the other crown segments (Fig. 1) . In accordance with Bergmann (1993) , its optimal content should be between 1,200 and 3,000 mg·kg -1 . These values, however, were found just in the youngest needles in Písek and Prostějov regions. Foliage in other localities exhibited a deficient content of phosphorus in all samples. These findings are in accordance with several authors who reported the decreasing tendency of phosphorus nutrition in European forest tree species (Ewald 2000; Lomský et al. 2012; Talkner et al. 2015; Novotný et al. 2018 ). Reasons are not completely clear but they can be attributed, partly, to soil acidification and decreasing pH and base saturation. upper -top + upper third of crown, lower -middle + lower third of crown, CY -current year needles, 1Y -one-year old needles, 2Y+ -two years old and older needles; minimum and maximum values are presented in bold Table 2 . to be continued https://doi.org/10.17221/130/2018-JFS This conclusion can be supported by a significant positive correlation of foliage phosphorus concentration with the following soil properties: pH (H 2 O), K, Ca and Mg content within the entire soil profile, base saturation and phosphorus in the organic soil horizon (Fig. 2) . On the other hand, a significant negative correlation was found with Al in the organic soil layer. The correlation is stronger for the upper part of the crown and for younger needles (i.e. current year needles and one-year old needles).
In base cations, the most unfavourable situation was detected in regard to potassium nutrition. The optimal content should be between 6,000 and 11,000 mg·kg -1 (Bergmann 1993) . However, the corresponding values were found in the youngest needles only, where potassium as a relatively mobile nutrient can be concentrated and also in the lower part of the crown in the Navarov region. In regard to one-year old or even older needles the deficiency of K was found in all the regions studied. Both the top and upper third of the crown showed mean potassium content below the deficiency limit (Fig. 1) . Slightly better is the magnesium nutrition, which is in general optimal (1,000 to 2,500 mg·kg -1 ) in current year needles and in the top part of the crown (Fig. 1) across all the regions. Samples with Mg deficiency were more frequent in older needle classes and they even prevail in the lower part of the crown in the Navarov region. The content of calcium in plants is rather different from such mobile nutrients as K or Mg. It is bound in cell walls or in oxalate compounds, resulting in its higher concentrations in older tissues, e.g. older needle classes (Fink 1991) . The optimal calcium content in Douglas-fir needles (2,000 to 6,000 mg·kg -1 ) was found in most of the samples. The exceptions were detected in the Navarov region in the youngest needles and specifically in the lower part of the crown. Calcium nutrition -similarly like phosphorus nutrition -implies the effect of the ecosystem acidification being significantly negatively correlated with sulphur and nitrogen concentrations in the mineral soil (mainly upper 0-40 cm) and significantly positively correlated with calcium content in the upper organic soil horizon (FH) (Fig. 2) . Other nutrients did not manifest any significant deviation from optimal nutrition. Manganese contents in foliage are rather high, while zinc is below the deficiency limit in individual cases (15 mg·kg -1 ). Sulphur content varies between 910 and 2,010 mg·kg -1 , suggesting that it can be assessed as a nutrient instead of a pollution compound (Nebe et al. 2002) .
In general, our results reveal the good nitrogen nutrition in comparison with potential problems with disposable phosphorus and base cation supply. These results, however, should be assessed rather as relative values -Bergmann's criteria were determined on the basis of young trees in controlled conditions and therefore they may be too strict in the case of mature trees growing in situ. They correspond e.g. to values reported by Nunes et al. (2011) for Douglas-fir and European chestnut mixtures in Portugal. On the other hand, Ponette et al. (2001) found productive Douglas-fir stands in northern France with foliage chemistry very close to our results -they recorded high N contents in addition to the common deficiency of P, K and occasional deficiency of Mg.
CoNClusioNs
In accordance with our knowledge, the four studied regions with the proposed potential for Douglas-fir production are found close to the acidic limit of convenient sites for this species. Comparing the soil conditions and the foliage chemistry we anticipate that this situation was affected by the anthropogenous deposition of sulphur and nitrogen compounds during the last century, which can be documented by the negative relation between nitrogen and sulphur on one hand and base cations and phosphorus on the other. The nutrient deficiency documented should not be overestimated, however, as long as no visual deficiency symptoms (e.g. needle discoloration) or growth disruption was observed. The cultivation of Douglas-fir in mixtures with other -preferably broadleaved -species can be proposed to assure nutrient and organic matter cycling and sustainable nutrition of forest stands. In case of pronounced nutrient deficiency in the future the fertilising or liming procedures should be implemented. UC -upper crown, LC -lower crown, CY -current year needles, 1Y -oneyear old needles, 2Y+ -two years old and older needles, FH -upper organic soil horizon, M04 -mineral soil 0 to 40 cm, M48 -mineral soil 40-80 cm, BS -base saturation; only significant correlations (P < 0.05) are displayed, increased correlation coefficient corresponds to increased intensity of the colour according to the scale and increased plot of the square
